The complete nucleotide sequence of the chloroplast genome of the hardwood species Eucalyptus globulus is presented and compared with chloroplast genomes of tree and non-tree angiosperms and two softwood tree species. The 160 286 bp genome is similar in gene order to that of Nicotiana, with an inverted repeat (IR) (26 393 bp) separated by a large single copy (LSC) region of 89 012 bp and a small single copy region of 18 488 bp. There are 128 genes (112 individual gene species and 16 genes duplicated in the inverted repeat) coding for 30 transfer RNAs, 4 ribosomal RNAs and 78 proteins. One pseudogene (c-infA) and one pseudo-ycf (c-ycf15) were identified. The chloroplast genome of E. globulus is essentially co-linear with that of another hardwood tree species, Populus trichocarpa, except that the latter lacks rps16 and rpl32, and the IR has expanded in Populus to include rps19 (part of the LSC in E. globulus). Since the chloroplast genome of E. globulus is not significantly different from other tree and non-tree angiosperm taxa, a comparison of hardwood and softwood chloroplasts becomes, in essence, a comparison of angiosperm and gymnosperm chloroplasts. When compared with E. globulus, Pinus chloroplasts have a very small IR, two extra tRNAs and four additional photosynthetic genes, lack any functional ndh genes and have a significantly different genome arrangement. There does not appear to be any correlation between plant habit and chloroplast genome composition and arrangement.
Eucalyptus globulus is one of the most economically important species for hardwood forestry plantations in temperate regions of the world. 1 It has been studied intensively by quantitative, population and evolutionary geneticists and is becoming a model species for genetic research in Eucalyptus. Chloroplast DNA has been essential to many studies of population genetics and phylogeography in Eucalyptus. This paper presents the complete chloroplast genome from E. globulus and compares it with chloroplast genomes from other angiosperm taxa [including the hardwood tree species, Populus trichocarpa (B. Heinz, S. DiFazio, K. Ritland et al., manuscript in preparation)] and softwood tree species (Pinus thunbergii 2 and Pinus koraiensis).
The complete chloroplast genome of E. globulus (GenBank accession no. AY780259) may be represented as a circular chromosome (Fig. 1 ), although this is likely to be a rare form of the molecule, as most chloroplast DNA is, in fact, linear. 3, 4 Comprising 160 286 bp, it ranks among the larger land plant chloroplast genomes. Most land plant plastids sequenced to date have genomes of 116-163 kb, and the longest belongs to Oenothera elata (163 935 bp 5 ). The structure of the E. globulus chloroplast genome is typical of most plastids: a large single copy (LSC) region (89 012 bp) and a small single copy (SSC) region (18 488 bp) are separated by an inverted repeat (IR) (26 393 bp). The relative sizes of the LSC, SSC and IR regions remain reasonably constant across genomes of angiosperms (approximately 55, 12 and 16.5% of the total genome size, respectively), regardless of the overall size of the genome. The relative size of the IR in gymnosperms varies much more. For example, in Ginkgo biloba the IR is 17 kb, but in P. thunbergii it is just 495 bp 2 containing trnI-CAU and 83 bp from the 3
The Eucalyptus chloroplast genome has a GC-content of 36.9%, which is comparable with that of other vascular plant plastids (e.g. 36.7% in Populus, 37.8% in Nicotiana, 38.4% in Zea, 39.2% in Oenothera and 38.5% in P. thunbergii). The genome is AT-rich in both the non-coding intergenic regions (67% AT) and the coding regions (62% AT), where there is an AT bias (73% -4.5%) in the third base positions of all amino acid codons. This phenomenon is also observed in other plastid genomes. In contrast, the tRNA genes show less of an AT bias (58%), and the rRNA genes have a slight GC bias (55%). The latter is characteristic of rRNA genes in other plants. 6 Table 1 lists all genes detected in the chloroplast genome of E. globulus. The start codons for the protein-coding genes were based on alignments with plastomes of other taxa. The start positions are, therefore, hypothetical and can be confirmed only through analysis of gene transcripts. The genome is essentially co-linear with that of the annual angiosperm Nicotiana tabacum (Fig. 2a) , with all the same genes except sprA, which is absent from E. globulus. The chloroplast genome of E. globulus is also virtually co-linear with that from another hardwood tree species, P. trichocarpa (Fig. 2b) , except for three notable differences: (i) rps16 and flanking intergenic sequences (1800 bp of LSC) are missing from Populus; (ii) the gene rpl32 and flanking sequences (1100 bp of SSC) are absent from Populus; and (iii) the IR in Populus has expanded to include rps19, with the 'extra' copy of this gene located close to J LA . As in other angiosperms, the E. globulus plastome has four ribosomal RNA (rRNA) genes and 30 transfer RNA (tRNA) genes (of which seven are located in the IRs) that provide tRNAs for all 20 amino acids (Table 1 ). There are 78 protein-coding 20, 21 and cpDNA was extracted using a modified CTAB method. 22 The DNA was randomly sheared, producing fragments of 2-4 kb. Fragments were ligated into pSMART-LC vector (Lucigen) and were inserted into One Shot GeneHogs Electrocompetent Escherichia coli (Invitrogen). Recombinant clones were sequenced using Big Dye Terminator v.3.1 chemistry and an ABI 3730 xl capillary sequencer. Sequences were quality scored using Phred software 23 and contigs were assembled using Phrap software (see http://www.phrap.org/). The 22 resulting contigs were aligned with conserved regions of the tobacco chloroplast genome 24 to gain an estimate of gene order. PCR primers were designed to fill the gaps, and the PCR amplified fragments were sequenced in both directions on a CEQ 8000 Genetic Analysis System (Beckman Coulter). Sequence assembly was carried out using Sequencher 3.1 (Gene Codes Corporation, USA) and Sequence Navigator 1.0.1 (Applied Biosystems, Inc., USA). From two to six times coverage was obtained for all regions of the chloroplast genome. The software package DOGMA 15 was used to locate putative genes. The coordinates and composition of genes were checked against GenBank by using BLASTX and BLASTN. Genomic analyses were conducted using the Biomanager suite of programs available from ANGIS (Australian National Genome Information Service). b Gene containing one intron. c Two gene copies due to IR. d ycf 1 and ycf 2 are known to be essential chloroplast genes, although their exact functions remain unclear; ycf 3 and ycf4 are hypothesized to be involved in biogenesis of photosystem I (see text Of these five, four (accD, ycf 1, ycf 2 and rpl 23) appear to be functional in the plastome of E. globulus, but the fifth, infA, is a pseudogene (c), as in Populus, Nicotiana, Arabidopsis and Oenothera. 7 One other pseudogene was detected, that of a hypothetical chloroplast protein, cycf15. One open reading frame, ORF113, has high homology to regions of ycf68 in rice, maize and Pinus, as well as to hypothetical proteins ORF119 and ORF58 in the trnI intron of Oenothera. A second open reading frame, ORF366, is found in IR B at the junction with the SSC. It is a truncated inverted repeat of ycf1 and is probably non-functional.
There are three classes of ORFs in plastid DNA: (i) genes of known function; (ii) hypothetical chloroplast reading frames (ycfs) that are highly conserved between species; and (iii) species-specific or rapidly diverging ORFs. Four major ycfs have been partially characterized, but their precise functions are not yet understood. Two highly conserved ycfs, ycf 1 and ycf 2, have been demonstrated to be essential to cellular function in dicots; 8 they are not involved in photosynthesis, but are speculated to be involved in cellular metabolism or to have a structural role in the plastid. 8 Two more ycfs, ycf 3 and ycf 4, are believed to be involved in the formation of photosystem I. 9, 10 The functionality of some other ycfs, however, has been brought into question by the relatively frequent occurrence of pseudo-ycf loci. For example, although ycf15 in tobacco appears to be a potentially functional protein-coding gene, in many other species-including E. globulus-a variable insertion of 250 bp (295 bp in E. globulus) introduces premature stop codons. Schmitz-Linneweber et al. 11 showed that although the ycf15 cistron may be transcribed, splicing of the two conserved ends does not occur; hence, ycf15 is probably not a protein-coding gene. The ycf15 sequences of E. globulus and Oenothera are very similar after the removal of their insertions. However, both with and without the intervening sequence, ycf15 of both taxa have premature stop codons, providing further evidence that ycf15 is probably not a functional protein-coding gene. Another example of a ycf that has highly conserved domains, but often is not completely conserved, is ycf 68. In E. globulus, ORF113 is highly homologous to a small region of ycf 68 in rice and maize, ORF75 in P. koraiensis, ORF75a in P. thunbergii and a hypothetical protein in O. elata (ORF58). All these ORFs have some homology to ycf68. Such ORFs and ycfs that have some highly conserved regions may have roles in gene regulation (e.g. as promotor or terminator sequences) or may be genes specifying a structural RNA 11 (as was at first proposed for sprA in tobacco chloroplasts, 12 but was later discounted 13 ). The psbL gene that codes for a 38 amino acid peptide of photosystem II is highly conserved among many higher plants. This gene is unusual because in Eucalyptus, as well as in some other taxa (e.g. Nicotiana and Spinacia, but not Populus), transcription of the gene does not require any of the standard chloroplast initiation codons [i.e. leucine (TTG, CTG), isoleucine (ATT, ATC, ATA), valine (GTG) or, the most common, methionine (ATG)].
Instead, ACG appears at the beginning of the gene. It has been shown in Nicotiana that a translatable psbL mRNA containing an AUG initiator codon is formed by C to U editing of the ACG codon, 14 and it is possible that a similar mechanism exists in Eucalyptus.
In general, the chloroplast genome of E. globulus is not significantly different from most other angiosperms, so a comparison of hardwood and softwood chloroplasts becomes, in essence, a comparison of angiosperm and gymnosperm chloroplasts. Chloroplast DNA sequences are available for two gymnosperms, P. thunbergii (119 707 bp) and P. koraiensis (116 866 bp). Both genomes are significantly smaller than those of most angiosperms sequenced so far. Pairwise comparisons using Harr plots (Fig. 2c) and DOGMA software 15 (data not shown) show that the chloroplast DNA sequences of the two pine species are very similar. In contrast, those same analytical techniques indicate that the chloroplast genomes of P. thunbergii and E. globulus are arranged very differently (Fig. 2d) . Relative to Eucalyptus, rbcL and its neighboring regions in the LSC region are inverted in the pines, and a large region from the LSC, including psaA and psaB, occurs in the SSC. 2 The rRNA genes from rrn16 to trnR-AGC that are in the inverted repeat in angiosperms form a cluster in the middle of the SSC in P. thunbergii.
2 In addition to the 30 tRNA genes found in angiosperms, the two pine species have two unusual tRNAs, trnP-GGG and trnR-CCG. The first of these is also found in hornworts 16 and ferns 17 , and trnR-CCG has been found in moss, although it is not essential for plastid function in moss and may not be a functional gene. 18 Angiosperms and pines have the same suite of ribosomal protein genes, except that the pines lack rps16. Pines have an intact infA gene, in contrast to the pseudogene found in Eucalyptus and many other angiosperms (see above). In addition to the 29 genes encoding components of the photosynthetic apparatus in angiosperms, pines have 4 more genes that exist in some lower plants: psaM, chlB, chlL and chlN. The psaM gene (which is duplicated in the LSC of P. thunbergii, 2 but not in P. koraiensis) has been found in non-vascular plants, but is absent from ferns and angiosperms, suggesting parallel losses in the latter two groups during their evolution. 17 The genes chlB, chlL and chlN may be associated with the ability of pines to synthesize chlorophyll in the dark (as in Chlamydomonas 19 ). A major difference in the gene content between pines and angiosperms is the complete absence of functional ndh genes from pine chloroplasts. 2 It is unclear whether chloroplast ndh genes have been transferred to the nuclear genome of pines, or whether pine chloroplasts lack an NADH dehydrogenase altogether. Eucalyptus and Nicotiana have 21 introns, 5 more than P. thunbergii and P. koraiensis. Of these five, three occur in genes that are absent from pines (rps16, ndhA and ndhB), and two occur in clpP that, in pines, has no introns. The 16 remaining split genes are conserved between pines and angiosperms. 2 In conclusion, there does not appear to be any correlation between plant habit and plastome composition and arrangement. Differences between chloroplast genomes of tree and non-tree angiosperm species are slight. In contrast, although angiosperm and gymnosperm chloroplasts share many genes, there are significant differences in genome size, arrangement and gene content.
